Photon Antibunching and Collective Effects in the Fluorescence of Single Bichromophoric Molecules
Christian G. Hübner, 1, * Gert Zumofen, 2 Alois Renn, 2 Andreas Herrmann, 3 Klaus Müllen, 3 The fluorescence of individual pairs of perylenemonoimide chromophores coupled via a short rigid linker is investigated. Photon antibunching is reported, indicating collective effects in the fluorescence, which are further substantiated by the observation of collective triplet off times and triplet lifetime shortening. The experimental findings are analyzed in terms of singlet-singlet and singlet-triplet annihilation based on Förster type energy transfer. The results reported here demonstrate that the statistical properties of the emission light of isolated single quantum systems can serve as a hallmark of intermolecular interactions. DOI Single molecule spectroscopy (SMS) is increasingly considered for applications in physics, chemistry, and life sciences, but basic investigations of single quantum systems also attract the researchers' interest [1] . In particular, the temporal properties of photon emission from single molecules were the subject of numerous studies. Photon antibunching [2, 3] , stochastic fluorescence off times due to excursions of the molecule to the triplet manifold [4] , and quantum jumps [5] have been reported. Recently, SMS has yielded novel insights into the electronic interactions in multichromophoric assemblies such as light-harvesting pigments [6] , conjugated polymers [7] , donor-acceptor substituted biopolymers [8] , and dendrimers carrying a variable number of chromophores [9] . The optical and electronic properties of such systems are strongly influenced by dipole-dipole interactions between the chromophores, giving rise to excitonic splittings and/ or incoherent Förster type energy transfer. The simplest type of molecular aggregates that allow a rigorous study of these important effects are dimers where two chromophores are connected by an either rigid or flexible spacer. A prominent example of the latter variety are donoracceptor labeled macromolecules where fluorescence resonant energy transfer has been successfully applied to measure distances and distance fluctuations on the nanometer scale [10] . In this Letter, we report on single molecule studies of isolated dimers with two identical chromophores attached to a rigid linker group. We show that energy transfer processes between the chromophores give rise to collective effects, which are reflected in the unique statistical properties of the emission light of single quantum systems. The observed photon antibunching shows features characteristic for singlet-singlet annihilation while collective off times indicate singlet-triplet annihilation.
The experiments were carried out for benzilic biperylenemonoimide (BBPM) bichromophores, where two perylenemonoimide (PM) chromophores are linked by the benzil motif. Two similar skewed conformers were reported for BBPM with the long axes of the chromophores at a relative angle of 112.5 and 68.8 , respectively [11] . For both conformations the interchromophore distances in the range of 1.5-2.0 nm are well below the Förster radius R 0 4:5 nm for the resonant energy transfer between the PM molecules and large enough to prevent coherent coupling at room temperatures. Thus, a fast excitation hopping among the chromophores is expected. Thin film samples of 30 nm thickness were prepared by spin casting a toluene solution of BBPM (10 ÿ9 M) and poly(methyl methacrylate) (10 g=l) onto a glass microscope cover slide [12] . Single BBPM fluorescence intensities were recorded with a homebuilt confocal optical microscope [12] . An argon-krypton mixed gas laser operated at 488 nm wavelength was used for a circularly polarized continuous wave excitation of the fluorophores with an intensity of 20 kW=cm 2 . Fluorescence photons were, after appropriate filtering, detected in a Hanbury-Brown and Twiss detection scheme [13] . Transient intensities were obtained by collecting the photon signals in bins of custom width. Fast start-stop electronics was applied to measure interphoton times. During the measurements the sample was held in vacuum at 10 ÿ6 Torr to minimize oxygen mediated photodestruction.
A time course of the fluorescence intensity of an individual BBPM molecule is exemplarily shown in Fig. 1 . Four intensity levels are visible in the trace at the top of the figure. The lowest level at the beginning and the end of the trace corresponds to blocked laser light. After opening the shutter, the photon detection rate is approximately 400 kHz. A sudden intensity drop to 200 kHz is observed at 82 s. In a second step at 91 s the rate drops to 40 kHz, which is close to the background level of 25 kHz found in areas without fluorescence. We attribute the two sudden drops to photobleaching of the individual chromophores of the BBPM molecule [11] . In what follows we denote the first photobleaching step by B1 for convenience. A
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week ending 29 AUGUST 2003 VOLUME 91, NUMBER 9 093903-1 0031-9007=03=91(9)=093903(4)$20.00  2003 The American Physical Society 093903-1 reorientation of the chromophores can be ruled out as the origin of B1 because single PM chromophores attached to small dendritic residues showed only one-step behavior in independent experiments. Intensity fluctuations, as observed, for instance, at 60 s, are typical for these molecules and result presumably from slight configurational changes of BBPM [11] . Because of the distinct orientation of the two chromophores relative to the direction of light, the fluorescence intensity does not drop to half of the original intensity upon B1, in general. However, to simplify the analysis we focused on the symmetrical case by selecting molecules that showed an intensity reduction by a factor of approximately 2 upon B1 to assure that the two chromophores were excited at similar rates. We now concentrate on the fluorescence time traces on enlarged scales in Fig. 1 . The random-telegraph functions result from excursions of the BBPM to the triplet manifold [12] . Comparing the two time traces qualitatively, we note that on and off times are both longer after event B1 compared to before B1. A quantitative analysis can be performed by computation of the second-order correlation function g 2 t or by compiling off-time histograms. The result of the former method is visualized in Fig. 2 . The fits to the function 1 Ce ÿt reveal contrasts C of 0.13 and 0.08 and lifetimes ÿ1 of 0.25 and 0.60 ms before and after B1, respectively. In an approximate analysis these data can be related to the corresponding average on and off times on and off by ÿ1 on ÿ1 off and C off = on , yielding average on times of 2.0 and 7.3 ms and average off times of 0.29 and 0.60 ms before and after B1, respectively. We also note that during the off times the fluorescence intensity reaches the background level before and after B1. The complete vanishing of the fluorescence during the off times when both chromophores are still intact indicates a collective behavior of the two chromophores, and accordingly the term collective off times is in use for this effect [9] . The collective behavior is assigned to singlet-triplet annihilation (STA), where the singlet excitation of one chromophore is efficiently quenched when the other chromophore is in the triplet state.
The average off times varied weakly from molecule to molecule and the corresponding histograms over the values for all molecules (not shown here) are peaked at 0.2 and 0.5 ms before and after B1, respectively. The values around 0.5 ms are assigned to the triplet lifetimes of individual chromophores attached to the benzilic moiety. Similar off times were found in the fluorescence from individual PM chromophores attached to a small dendritic residue in independent experiments. An explanation for the shorter triplet lifetimes before B1 is proposed below.
The on times show a different behavior. They vary strongly from molecule to molecule and take values of 0.7-6.3 ms and 1.8-32.0 ms before and after B1, respectively, in the present experimental data. They change by factors of 1-10 upon B1, and in almost all cases they increase by more than a factor of 2 as would be expected because of the reduced excitation probability by a factor of 2 when only one chromophore is active. Accounting for this factor the measurements tentatively indicate a further increase of the on times. We conclude that the intersystem-crossing (ISC) rate, limiting the on times, varies strongly between both chromophores, in agreement with a broad distribution of ISC rates found for individual PM chromophores. Thus, upon B1 the ISC rate and accordingly the on time may strongly change. Adopting the common idea that photobleaching occurs primarily during triplet excursions, it follows that the chromophore with the larger ISC rate is more likely to be in the triplet state and to undergo photobleaching. Thus, the chromophore with the smaller ISC rate is likely to endure after B1 associated with an increase of the on times.
To obtain more information about energy transfer (ET) processes, interphoton times of the fluorescence were studied for periods before and after B1. Figure 3 shows the histogram of interphoton times before B1 for the same molecule as in Fig. 1 . At short times, the interphoton time distribution follows the second-order correlation function g 2 t. Note the different time scales between the bunching and antibunching regimes in Figs. 2 and 3 . A pronounced dip at zero time difference is observed, indicating photon antibunching. The experimental data fit well a single exponential behavior from which a dip minimum of 0.13 and a fluorescence decay time of 4.35 ns is obtained. The experimental dip minimum A is clearly below 0.5, the value which would be expected for two independent and identical chromophores as discussed below. We conclude that efficient singlet-singlet annihilation (SSA) takes place so that simultaneous excitation of both chromophores is rapidly turned into a single excitation, and thus the probability for a coincident emission of two photons vanishes [14] . Histograms of dip minima A g 2 t 0 are shown in Fig. 4 for BBPM and single PM chromophores. The histograms are peaked at 0.15 and range from 0.05 to 0.35. Dip minima A different from zero are thought to result from coincident background photons and from the finite time resolution of the avalanche photodiode detectors. Interphoton times were also recorded for the periods after B1 and compared with the interphoton times before B1. Within the experimental errors, g 2 t was the same before and after B1 in agreement with the predictions presented below.
For the discussion of the experimental observations we introduce simple model considerations. As mentioned above, at interchromophore distances of 1.5-2.0 nm fast incoherent ET processes take place at room temperatures and, thus, the excitation jumps resonantly between the two chromophores. The excitation hopping leads to equal excited state populations of the two chromophores. Except for polarization effects, the resonant energy transfer is not supposed to cause significant collective effects in the fluorescence. Collective phenomena are expected when two electronic excitations in the dimer are simultaneously present. For singlet states we describe these processes in terms of a reaction scheme
where, according to standard conventions, S 0 ; S 1 ; . . . denote the electronic ground and electronically excited singlet states, and the superscripts A and B denote the two chromophores. The first step is an energy upconversion process mediated by Förster type ET while the second step denotes a fast intramolecular radiationless relaxation to the lowest singlet state S 1 . The two steps represent SSA, which prevents the system from residing in a doubly excited state with both chromophores in the S 1 state. Consequently, after emission of a photon the system is in the ground state. Therefore, the second-order correlation function is zero at time zero, g 2 0 0. This is in agreement with the experimental data in Figs. 3 and 4 within the experimental limitations. The photon statistics of the bichromophoric system can be analyzed in terms of rate equations and the secondorder correlation function g 2 t can be given analytically. The expressions are rather lengthy and for clarity we present solely the main results for the symmetric case of two identical chromophores. However, we emphasize that the model applies also to the asymmetric case. In the two limiting cases where the SSA is faster than all other processes or where SSA is absent, g 2 t assumes the two limiting forms
1 ÿ e ÿ2k 01 k 10 t ; fast SSA 1 ÿ 1 2 e ÿk 01 k 10 t ; no SSA: Here k 01 is the single chromophore excitation rate and k 10 is the sum of the radiative and radiationless relaxation rates. Both the prefactor and the relaxation rate are different in the two cases. However, usually the laser intensity is low (excitation rate 4 10 6 s ÿ1 ), as in the present experiment, so that k 01 k 10 and the rates in Eq. (2) are dominated by k 10 . To the contrary, the value of the dip minimum g 2 0 is zero and 1=2 in the two limiting cases and varies continuously between these two values for intermediate values of the SSA rate, independently of the laser power. The case of fast SSA, considered for the fit in Fig. 3 , gives good agreement with the experimental data, taking into account the background fluorescence. Comparing the expression of fast SSA in Eq.
(2) with the situation when only one chromophore is present, g 2 1 ÿ e ÿk 01 k 10 t , both expressions differ solely in the rate. Again, for weak laser excitation, the rate is dominated by k 10 and thus the expressions are identical. From these results no change of g 2 t in the antibunching regime is expected upon B1 in agreement with the observations. Further ET and relaxation processes take place when singlet and triplet excitations are simultaneously present. As in Eq. (1) we describe these processes by a reaction scheme
where T 1 denotes the lowest and T n a higher electronically excited triplet state. As for the SSA the first step represents an energy up-conversion by Förster type ET followed by a fast radiationless relaxation step either to the lowest triplet state T 1 or, presumably, to the singlet state S 1 . Both relaxation pathways are relevant. The first corresponds to singlet quenching (STA). If this process is faster than the fluorescence, the fluorescence vanishes completely when one chromophore is in the triplet state. This gives rise to the collective off times, as observed in Fig. 1 . The other pathway leads to an accelerated reverse intersystem crossing and thus to a shortening of the off times. We propose this effect being responsible for the observed off-time shortening by a factor of 2 -3 when both chromophores are active. We have considered three types of ET, namely, ET from one chromophore in the first excited singlet state to the other chromophore (i) in the ground state (energy hopping), (ii) in the first excited singlet state (SSA), and (iii) in the first excited triplet state (STA), where the latter two are associated with energy up-conversion and population of higher singlet or triplet states. The efficiency of these processes depends on the spectral overlap of the emission and absorption spectra of the transitions into which the ET transfer process can be decomposed. It is the overlap of the S 1 ! S 0 fluorescence and the S 1 S 0 , the S n S 1 , and the T n T 1 absorption spectra for energy hopping, SSA, and STA, respectively. All spectra except the S n S 1 absorption spectrum are known for PM [15] , yielding transfer rates of 30 GHz for energy hopping and 750 GHz for STA. The latter is much faster than the fluorescence rate of 0:2 GHz, a precondition for complete STA as observed in Fig. 3 . For SSA, a transfer rate of 100 GHz was recently reported [16] supporting our interpretation of the antibunching data.
Förster type energy transfer, which depends to the sixth power on the interchromophore separation, constitutes a molecular ruler to measure distances in the nanometer range. Our investigations suggest that by a controlled increase of the interchromophore distance the contrast of the antibunching signal gradually approaches the value of 0.5 of uncoupled chromophores. Similar to the experiment in Ref. [10] , our results indicate that the antibunching signal can be applied to investigate conformational fluctuations of, say, chromophore-pair labeled macromolecules, where the disadvantage of a possibly smaller Förster radius as compared to a specifically chosen donoracceptor pair is outweighed by the chemistry, which is usually much easier to accomplish for the homolabeling.
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